1. Introduction {#sec1}
===============

The existence of heavy metals (HMs) in soil is of great concern because of their potential toxicity ([@bib16], [@bib15]). Even at low concentrations, HMs may be toxic to plants, animals, and humans ([@bib8], [@bib15]). Reducing the risk of HM toxicity to humans requires minimizing HM concentrations in crops and vegetables. Hence, research on soil HMs has focused on reducing the bioavailability of HMs in soils or weakening the HM absorption capacity of plants ([@bib1], [@bib7]). Conversely, numerous methods have been employed for remediating contaminated soils ([@bib6]). Phytoremediation, which is economic and eco-friendly, is considered a promising method for soil remediation ([@bib9], [@bib30]). Phytoremediation mainly depends on the HM absorption and translocation capacities of plants; thus, high-HM accumulation species, especially hyperaccumulators, are good contributors in phytoremediation ([@bib10]). However, plant biomass is also an important factor of phytoremediation efficiency. Phytoremediation is generally a slow process because few plants possess a large biomass and also have the capacity to accumulate high levels of HMs. Additionally, single phytoremediation may produce limited effects on contaminated soils with multiple HMs because plants often have distinct HM accumulation capacities ([@bib34], [@bib38]). Therefore, in addition to understanding the mechanisms of HM accumulation in plants, it is critical to screen for more efficient high-HM-accumulating plants.

Several recent studies have investigated the soil--root--leaf transfer mechanism of HMs ([@bib35], [@bib15]). Environmental factors, such as soil properties, have been shown to regulate accumulation levels of HMs in plants ([@bib11], [@bib3], [@bib14], [@bib32]). Specifically, the physicochemical properties of soil, including pH, electrical conductivity (EC), organic matter content, and cation exchange capacity (CEC), have been found to affect the absorption of HMs in plants ([@bib36]). However, the same soil property can have differential effects on different HM-plant systems ([@bib36]). For example, a study reported that the soil CEC and exchangeable calcium (Ca) are important indexes for predicting the critical value of nickel (Ni) to barley and tomato ([@bib29]), whereas two other reports found that soil pH rather than soil CEC significantly affects the critical value of Ni toxicity in barley or tomato ([@bib37], [@bib17]). Therefore, analyzing the effect of soil properties on the HM accumulation characteristics of plants for specific HM-plant systems is of great importance in assessing the safety risks of crop and vegetable foodstuffs or phytoremediation efficiency.

Turnip (*Brassica rapa* var. *rapa* Lin.) is a cruciferous biennial species that is widely cultivated in Europe, Asia, and America as a local vegetable or fodder. To date, several studies have investigated the turnip accumulation characteristics for various HMs, including cadmium (Cd), lead (Pb), zinc (Zn), copper (Cu), and manganese (Mn) ([@bib27], [@bib19]). However, these studies have produced inconsistent conclusions about the HM accumulation capacity of turnips for certain HMs ([@bib4], [@bib28]). This might be partially attributed to the diverse soil environment backgrounds. Among the various HMs, Cd accumulation in turnip has attracted significant attention because of its high toxicity, wide distribution and high mobility in soils ([@bib26], [@bib33]). The turnip has been designated as a high-Cd-accumulating species ([@bib2]), and Chinese turnips have been recently reported to possess a strong capacity for accumulating Cd under mucky soils ([@bib19], [@bib18]). These findings indicate both the possibility that animals and humans may be at risk of Cd toxicity from turnip foodstuffs and that turnips have a potential role in phytoremediation. However, the HM accumulation characteristics of Chinese turnips for non-Cd HMs are still unknown. It is also unclear whether different soil types affect turnip HM accumulation characteristics.

In this study, we first examined the accumulation and translocation characteristics of four HMs (Cu, Mn, Zn, and Cd) in the Chinese turnip. Then, we analysed whether physicochemical soil properties affect HM accumulation or translocation in Chinese turnip. The results can help us to further assess the risk of HM toxicities to animals and humans via turnip foodstuff or the potential values of turnip for phytoremediation.

2. Materials and methods {#sec2}
========================

2.1. Soil preparation {#sec2.1}
---------------------

To investigate the effects of soil properties on HM accumulation in turnip, we prepared four different HM-contaminated soils and measured their physicochemical properties ([Table 1](#tbl1){ref-type="table"}). A total of 15 kg of dried soil of each soil type filled uniform watertight boxes (length: 64 cm; width: 44 cm; height: 26 cm).Table 1Soil compositions of different soil types.Table 1ParameterUnitSoil typesSoil ASoil BSoil CSoil DpH/7.657.537.727.44Organic matterg kg^−1^112161293330Humusg kg^−1^65.193.1170.0191.0Total Ng kg^−1^1.3101.4301.2900.794Total Pg kg^−1^0.6330.9700.6180.374Available Kmg kg^−1^634547434275Exchangeable Cacmol kg^−1^21.519.415.612.0Exchangeable Mgcmol kg^−1^3.575.591.211.18Available Femg kg^−1^7.5641.7050.00131.00Available Cumg kg^−1^12.00011.77010.58710.264Available Mnmg kg^−1^48.153.148.142.0Available Znmg kg^−1^17.6813.9312.7511.71Available Cdmg kg^−1^5.3875.3205.2455.367

2.2. Plant culture and harvest {#sec2.2}
------------------------------

Turnip seeds (Landrace KTRG-B54) were germinated in the greenhouse and grown for five weeks. Then, seedlings that showed consistent growth were transplanted into prepared boxes, three seedlings to a box. The boxes were placed under natural light and temperature, and watered appropriately. After growing for one month, the root and leaf parts of the plants were collected, and the roots were cleaned with ultrapure water. The samples were dried at 80 °C for 48 h before being weighed. The root and leaf parts of plants growing in different soil types were then used to measure Cu, Mn, Zn and Cd concentrations.

2.3. Detection of HM concentrations {#sec2.3}
-----------------------------------

The four HM concentrations were determined according [@bib19]. Briefly, approximately 0.5--1.0 g of dried samples were added to the polytetrafluoroethylene digestion tanks. Then, 5 mL of HNO~3~ was injected, and the tanks were left to stand. After the reactions, the tanks were sealed with caps and placed into a microwave digestion instrument (WX-8000, Yi Yao Instrument, Shanghai, CN) for digestion. When the temperature cooled below 50 °C, the digestion tanks were taken to the fume hood. The digestion solutions were transferred to 50-mL volumetric flasks, and filled to 50 mL by rinsing three times using ultrapure water. The blank control was treated using the same method. The sample solutions were detected using an inductively coupled plasma mass spectrometer (ICP-MS, Thermo Fisher Scientific, USA), and the HM contents were calculated according to the standard curve.

To draw the standard curve, the content of the respective standard solutions (1 mg mL^−1^) of Cu, Mn, Zn and Cd were diluted with 5% HNO~3~ to a 20-mg L^−1^ stock solution. The stock solution was then prepared into 0, 8, 16, 24, 32, 48, and 64 μg L^−1^ standard solutions for detection. The standard curve was drawn only when the linear correlation coefficient was greater than 0.99.

2.4. Parameter calculation {#sec2.4}
--------------------------

To understand the absorption and translocation characteristics of turnip of different HMs, two parameters, namely bioconcentration factor (BCF) and translocation factor (TF), were introduced ([@bib12]). BCF represents the ratio of plant HM concentration to the soil HM concentration, while TF is the ratio of HM concentration in the leaf to that in the root.

2.5. Statistical analysis {#sec2.5}
-------------------------

One-way ANOVA was used to analyse the significant differences among multiple samples. Linear regression and Pearson correlation analyses were performed to identify the correlations. These statistical analyses were performed using SPSS version 18.0.

3. Results {#sec3}
==========

3.1. HM accumulation in turnip plants under different soil types {#sec3.1}
----------------------------------------------------------------

The concentrations of four HMs in leaves and roots of different samples were measured. The Cu concentrations in turnip roots ranged from 4.90 (Soil C) to 7.70 mg kg^−1^ DW (Soil D) and 4.22--6.64 mg kg^−1^ DW in leaves ([Fig. 1](#fig1){ref-type="fig"}A). However, no significant differences among the different plants cultivated in four soil types were observed ([Fig. 1](#fig1){ref-type="fig"}A). The root Mn concentrations were 36.23, 25.84, 18.23 and 115.75 mg kg^−1^ DW in turnip plants in Soils A, B, C and D, respectively ([Fig. 1](#fig1){ref-type="fig"}B), while the leaf Mn concentrations were 42.04, 83.55, 54.48 and 570.30 mg kg^−1^ DW, respectively ([Fig. 1](#fig1){ref-type="fig"}B). Both the root and leaf Mn concentrations in turnip plants in Soil D were markedly higher than in those cultivated in the other three soil types (*P* \< 0.05) ([Fig. 1](#fig1){ref-type="fig"}B). The root Zn concentrations were 47.52, 52.16, 50.26 and 126.00 mg kg^−1^ DW in turnip plants in Soils A, B, C and D, respectively ([Fig. 1](#fig1){ref-type="fig"}C), while the leaf Zn concentrations were 62.39, 91.41, 73.31 and 227.75 mg kg^−1^ DW, respectively ([Fig. 1](#fig1){ref-type="fig"}C). Both the root and leaf Zn concentrations in turnip plants in Soil D were obviously higher than in those cultivated in the other three soil types ([Fig. 1](#fig1){ref-type="fig"}C). The root Cd concentrations were 4.94, 1.91, 2.09 and 6.45 mg kg^−1^ DW in turnip plants in Soils A, B, C and D, respectively ([Fig. 1](#fig1){ref-type="fig"}D), while the leaf Cd concentrations were 6.82, 3.76, 5.63 and 18.01 mg kg^−1^ DW, respectively ([Fig. 1](#fig1){ref-type="fig"}D). The leaf Cd concentration in turnip plants in Soil D was significantly higher than in those cultivated in the other three soil types (*P* \< 0.05) ([Fig. 1](#fig1){ref-type="fig"}D).Fig. 1Heavy metal concentrations in turnip roots and leaves under different soil types. **(A)** Cu concentrations. **(B)** Mn concentrations. **(C)** Zn concentrations. **(D)** Cd concentrations. Data are means ± standard errors. Different letters labelled on the same colour bars indicate significant differences using Tukey\'s test (n = 3, *P* \< 0.05; A--D).Fig. 1

3.2. BCFs and TFs of different HMs in turnip plants under different soil types {#sec3.2}
------------------------------------------------------------------------------

In order to reflect HM absorption and distribution characteristics in turnips under different soil types, BCF and TF parameters were calculated for each sample. The changes in the BCFs of the four HMs under different soil types are shown in [Fig. 2](#fig2){ref-type="fig"}A. The Cu BCFs in turnip leaves ranged from 0.40 (Soil A) to 0.65 (Soil D) ([Fig. 2](#fig2){ref-type="fig"}A), without significant differences among different plants cultivated in the four soil types ([Fig. 2](#fig2){ref-type="fig"}A). The Mn BCFs in turnip leaves were 0.87, 1.57, 1.13 and 13.58 in Soils A, B, C and D, respectively, and the Mn BCF in turnip leaf in Soil D was significantly higher than in those cultivated in the other three soil types (*P* \< 0.05; [Fig. 2](#fig2){ref-type="fig"}A). The Zn BCFs in turnip leaves were 3.53, 6.56, 5.75 and 19.45 in Soils A, B, C and D, respectively, and the Zn BCF in turnip leaf in Soil D was significantly higher than in those cultivated in the other three soil types (*P* \< 0.05; [Fig. 2](#fig2){ref-type="fig"}A). The Cd BCFs in turnip leaves were 1.27, 0.71, 1.07 and 3.35 in Soils A, B, C, and D, respectively, and the Cd BCF in the turnip leaf in Soil D was significantly higher than in those cultivated in the other three soil types (*P* \< 0.05; [Fig. 2](#fig2){ref-type="fig"}A).Fig. 2Bioconcentration Factors (BCFs) and Translocation Factors (TFs) of four heavy metals (HMs) in turnip plants under different soil types. **(A)** Changes in the BCFs of four HMs under different soil types. **(B)** Changes in the TFs of four HMs under different soil types. **(C)** Differences in the BCFs of four HMs under different soil types. **(D)** Differences in the TFs of four HMs under different soil types. Data are means ± standard errors. Different letters labelled on the same colour bars indicate significant differences using Tukey\'s test (n = 3, *P* \< 0.05; A--D).Fig. 2

The changes in the TFs of the four HMs under different soil types are shown in [Fig. 2](#fig2){ref-type="fig"}B. The Cu TFs in turnip plants ranged from 0.86 (Soil D) to 1.25 (Soil B) ([Fig. 2](#fig2){ref-type="fig"}B), without significant differences among the different plants cultivated in the four soil types ([Fig. 2](#fig2){ref-type="fig"}B). Similar results were observed in the Zn and Cd TFs in turnip plants, which ranged from 1.45 (Soil C) to1.81 (Soil B) and from 1.91 (Soil A) to 2.73 (Soil D), respectively ([Fig. 2](#fig2){ref-type="fig"}B). The Mn TFs in turnip plants were 1.59, 3.32, 2.98 and 4.94 in Soils A, B, C and D, respectively, and the Mn TF in turnip in Soil D was significantly higher than that cultivated in Soil A (*P* \< 0.05; [Fig. 2](#fig2){ref-type="fig"}B).

The differences in the BCFs of the four HMs under the same soil type are shown in [Fig. 2](#fig2){ref-type="fig"}C. For plants grown in each soil type, the Zn BCF was the highest followed by the Mn BCF (*P* \< 0.05; [Fig. 2](#fig2){ref-type="fig"}C). The BCFs of Cu and Cd were similar in Soils B, C and D, whereas the Cd BCF was significantly higher than that of Cu (*P* \< 0.05; [Fig. 2](#fig2){ref-type="fig"}C). The differences in the TFs of the four HMs under the same soil type are shown in [Fig. 2](#fig2){ref-type="fig"}D. In Soil A, the TFs of the four HMs were similar ([Fig. 2](#fig2){ref-type="fig"}D). The Mn TFs were the highest, and the Cu TFs were the lowest in Soils B, C and D (*P* \< 0.05; [Fig. 2](#fig2){ref-type="fig"}D). The TFs of Zn and Cd were similar in Soil B, whereas the Cd TFs were much higher than those of Zn in Soils C and D (*P* \< 0.05; [Fig. 2](#fig2){ref-type="fig"}D).

3.3. Correlation analysis between the BCFs and the soil properties {#sec3.3}
------------------------------------------------------------------

In order to understand the effects of soil factors on HM accumulation in turnip, we performed correlation analysis between soil factors and the BCFs of four HMs. The Cu BCF in turnip leaf was negatively correlated with soil pH (*P* \< 0.05) ([Table 2](#tbl2){ref-type="table"}). However, the Mn, Zn and Cd BCFs in the turnip leaves were significantly affected by various soil properties (*P* \< 0.05) ([Table 2](#tbl2){ref-type="table"}); they were significantly negatively correlated with soil pH, the contents of total N, total P, available K, Cu, Mn and Zn (excluding Cd BCF) and exchangeable Ca, whereas they had significantly positive correlations with the contents of organic matter, humus and available Fe (*P* \< 0.05 or *P* \< 0.01) ([Table 2](#tbl2){ref-type="table"}).Table 2Results of correlation analysis between the bioconcentration factors and the principal soil properties.Table 2Cu bioconcentration factorMn bioconcentration factorZn bioconcentration factorCd bioconcentration factorpHPearson Correlation**−0.653**[a](#tbl2fna){ref-type="table-fn"}**−0.795**[b](#tbl2fnb){ref-type="table-fn"}**−0.778**[b](#tbl2fnb){ref-type="table-fn"}**−0.596**[a](#tbl2fna){ref-type="table-fn"}Sig. (2-tailed)0.0210.0020.0030.041Organic matterPearson Correlation0.313**0.680**[a](#tbl2fna){ref-type="table-fn"}**0.706**[a](#tbl2fna){ref-type="table-fn"}**0.582**[a](#tbl2fna){ref-type="table-fn"}Sig. (2-tailed)0.3220.0150.0100.047HumusPearson Correlation0.310**0.679**[a](#tbl2fna){ref-type="table-fn"}**0.704**[a](#tbl2fna){ref-type="table-fn"}**0.581**[a](#tbl2fna){ref-type="table-fn"}Sig. (2-tailed)0.3260.0150.0110.048Total NPearson Correlation−0.465**−0.963**[b](#tbl2fnb){ref-type="table-fn"}**−0.901**[b](#tbl2fnb){ref-type="table-fn"}**−0.886**[b](#tbl2fnb){ref-type="table-fn"}Sig. (2-tailed)0.1270.0000.0000.000Total PPearson Correlation−0.172**−0.717**[b](#tbl2fnb){ref-type="table-fn"}**−0.631**[a](#tbl2fna){ref-type="table-fn"}**−0.760**[b](#tbl2fnb){ref-type="table-fn"}Sig. (2-tailed)0.5930.0090.0280.004Available KPearson Correlation−0.463**−0.854**[b](#tbl2fnb){ref-type="table-fn"}**−0.863**[b](#tbl2fnb){ref-type="table-fn"}**−0.717**[b](#tbl2fnb){ref-type="table-fn"}Sig. (2-tailed)0.1300.0000.0000.009Exchangeable CaPearson Correlation−0.422**−0.816**[b](#tbl2fnb){ref-type="table-fn"}**−0.828**[b](#tbl2fnb){ref-type="table-fn"}**−0.693**[a](#tbl2fna){ref-type="table-fn"}Sig. (2-tailed)0.1720.0010.0010.013Exchangeable MgPearson Correlation−0.037−0.512−0.477−0.558Sig. (2-tailed)0.9090.0890.1170.060Available FePearson Correlation0.569**0.944**[b](#tbl2fnb){ref-type="table-fn"}**0.941**[b](#tbl2fnb){ref-type="table-fn"}**0.779**[b](#tbl2fnb){ref-type="table-fn"}Sig. (2-tailed)0.0530.0000.0000.003Available CuPearson Correlation−0.293**−0.690**[a](#tbl2fna){ref-type="table-fn"}**−0.705**[a](#tbl2fna){ref-type="table-fn"}**−0.608**[a](#tbl2fna){ref-type="table-fn"}Sig. (2-tailed)0.3560.0130.0100.036Available MnPearson Correlation−0.285**−0.829**[b](#tbl2fnb){ref-type="table-fn"}**−0.746**[b](#tbl2fnb){ref-type="table-fn"}**−0.831**[b](#tbl2fnb){ref-type="table-fn"}Sig. (2-tailed)0.3680.0010.0050.001Available ZnPearson Correlation−0.420**−0.612**[a](#tbl2fna){ref-type="table-fn"}**−0.681**[a](#tbl2fna){ref-type="table-fn"}−0.433Sig. (2-tailed)0.1740.0350.0150.160Available CdPearson Correlation0.2290.3780.2650.392Sig. (2-tailed)0.4750.2260.4050.207[^1][^2][^3]

3.4. Correlation analysis between the TFs and the soil properties {#sec3.4}
-----------------------------------------------------------------

We also performed correlation analysis between soil factors and the TFs of four HMs to understand the effects of soil factors on HM translocation from roots to leaves in turnip. The TFs of Cu, Zn and Cd in the turnip plants had no significant correlations with the soil properties ([Table 3](#tbl3){ref-type="table"}). However, the TF of Mn in turnip was significantly negatively correlated with soil pH, the contents of total N, available K, Cu and Zn and exchangeable Ca, whereas it showed significantly positive correlations with the contents of organic matter, humus and available Fe (*P* \< 0.05 or *P* \< 0.01) ([Table 3](#tbl3){ref-type="table"}).Table 3Results of correlation analysis between the translocation factors and the principal soil properties.Table 3Cu translocation factorMn translocation factorZn translocation factorCd translocation factorpHPearson Correlation−0.139**−0.684**[a](#tbl3fna){ref-type="table-fn"}−0.366−0.093Sig. (2-tailed)0.6670.0140.2420.773Organic matterPearson Correlation−0.330**0.710**[b](#tbl3fnb){ref-type="table-fn"}0.0200.457Sig. (2-tailed)0.2950.0100.9500.135HumusPearson Correlation−0.331**0.708**[a](#tbl3fna){ref-type="table-fn"}0.0190.457Sig. (2-tailed)0.2930.0100.9540.135Total NPearson Correlation0.347**−0.672**[a](#tbl3fna){ref-type="table-fn"}−0.133−0.265Sig. (2-tailed)0.2690.0170.6790.405Total PPearson Correlation0.521−0.3580.053−0.217Sig. (2-tailed)0.0820.2530.8700.499Available KPearson Correlation0.276**−0.817**[b](#tbl3fnb){ref-type="table-fn"}−0.118−0.425Sig. (2-tailed)0.3850.0010.7140.168Exchangeable CaPearson Correlation0.301**−0.790**[b](#tbl3fnb){ref-type="table-fn"}−0.089−0.436Sig. (2-tailed)0.3420.0020.7820.157Exchangeable MgPearson Correlation0.539−0.3430.150−0.333Sig. (2-tailed)0.0710.2750.6410.290Available FePearson Correlation−0.197**0.860**[b](#tbl3fnb){ref-type="table-fn"}0.2030.366Sig. (2-tailed)0.5390.0000.5270.241Available CuPearson Correlation0.367**−0.683**[a](#tbl3fna){ref-type="table-fn"}−0.003−0.448Sig. (2-tailed)0.2400.0140.9920.144Available MnPearson Correlation0.470−0.475−0.017−0.230Sig. (2-tailed)0.1230.1190.9590.471Available ZnPearson Correlation0.099**−0.801**[b](#tbl3fnb){ref-type="table-fn"}−0.128−0.450Sig. (2-tailed)0.7590.0020.6930.143Available CdPearson Correlation0.014−0.0340.173−0.263Sig. (2-tailed)0.9660.9170.5910.410[^4][^5][^6]

4. Discussion {#sec4}
=============

In this study, we show that (1) Chinese turnips have a strong ability to accumulate and transport various HMs, and that (2) the accumulation and transport of different HMs are affected by diverse soil factors. The ability of Chinese turnips to accumulate and transport HMs was shown by our calculation of bio-concentration factors and translocation factors. The BCF values show that Chinese turnips accumulate Mn, Zn, and Cd at much higher levels than they accumulate Cu. When we calculated translocation factors, we found that Chinese turnips have a strong ability to transfer Mn, Zn, and Cd from root to leaf. Both the strong ability of turnips to accumulate and transport HMs is consistent with previous studies on Cd accumulation in turnips ([@bib19], [@bib18]).

These results suggest that Chinese turnips may act as hyperaccumulators. Hyperaccumulators, which are plants suitable for use in phytoremediation, are defined as plants with BCF and TF values higher than one ([@bib12]). Previous studies have shown that some Chinese turnip landraces are Cd hyperaccumulators ([@bib19]). Our BCF and TF values for Mn and Zn in Chinese turnips also satisfy the standard of hyperaccumulators. However, the maximum concentrations of Mn and Zn in turnips are still unknown, and it remains unclear whether turnips can serve as Mn or Zn hyperaccumulators.

Our findings also suggest that in addition to being a candidate plant for phytoremediation of either single or multiple HM pollution, Chinese turnips may be able to play a role in the intake of mineral nutrition, including Cu, Mn, and Zn (see [@bib24]). Functional studies on the regulatory genes of the various HM accumulation characteristics in Chinese turnips are critical, as understanding the molecular mechanisms underlying HM accumulation is a promising method for effectively dealing with HM pollution and reducing the HM intake risk of crop plants; alternatively, this understanding may increase the efficiency of phytoremediation of HM-contaminated soils through the genetic engineering technology ([@bib22], [@bib23]).

Evidence that the accumulation and transport of different HMs are affected by diverse soil factors has been demonstrated in three ways. First, soil pH was negatively correlated with accumulation of all four HMs (Zn, Mn, Cd, Cu) examined in turnips leaves. These results, which are similar to previous studies ([@bib37], [@bib17], [@bib21], [@bib36]), might be explained by the fact that (1) these metal ions, including Zn and Cd, are more mobile in acidic soil ([@bib32]), and (2) the bioavailability of some HMs, such as Cd, decreases as the pH value increases under environments with pH \> 6 ([@bib20]).

Second, we found that other soil components showed either positive (e.g. organic matter, humus or available Fe) or negative (e.g. total N or P, available K and exchangeable Ca) correlations with accumulation of Mn, Zn and Cd, but not Cu, in turnip leaves. For example, we found that several exchangeable or available metals can disturb the accumulation of Mn, Zn, and Cd. This may be attributed to ion competition, as many studies have shown that metal transporters may have multiple metal substrates ([@bib25]). Our results are partly consistent with previous studies ([@bib31], [@bib5], [@bib21]). However, it must be acknowledged that soil material contents may have opposing effects on HM accumulation in different soil-plant systems. For example, our results support the findings of the finding of [@bib31] that adding organic matter in soils improves HM accumulations in plants, but contradict the work of [@bib5], who reached the opposite conclusion. One possible explanation for these contradictory conclusions might be the types of organic matter in the soil, i.e., soluble or solid macromolecule organic matter. Different views also exist on the effects of N or P on HM bioavailability ([@bib39]).

Third, in contrast to our findings on the relationship between soil conditions and HM accumulation, we detected a weak correlation between soil conditions and HM transport in turnips. The transfer of Mn from roots to leaves in turnips was the only HM transport that was either negatively or positively affected by soil pH and various soil components. Although several studies have reported that soil environment can affect the transport of metal ions in plants ([@bib13]), the underlying reasons for this effect are unclear. One potential explanation for our findings is that a special Mn transport mechanism exists in turnip.

In summary, the present study indicates that Chinese turnips have a relatively strong ability to absorb various HMs and transport them to leaves, and that soil conditions affect the accumulation and transport of these HMs. These findings have several potential applications, including the use of turnips in phytoremediation, intake of mineral nutrition, and food safety. Furthermore, understanding the molecular mechanisms underlying the HM accumulation characteristics of these plants may be useful for genetic engineering technology. Importantly, the assessment of these practical applications should be conducted with a full knowledge of plant--soil parameters. Although the effect of each soil factor on HM accumulation requires further verification, some agricultural measures may be used to regulate the HM accumulation in turnips. For example, N, P, K and Ca fertilizers may help reduce HM accumulation in turnips, whereas organic matter and Fe fertilizer may have the opposite effects.
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[^1]: The bold data imply significant correlation.
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